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Abstract 
The analysis of structures made of ETFE-films has been typically limited to the elastic range of the material behaviour. Here the 
following items are discussed from theoretical and practical aspects: Yield point, yield conditions, hardening, behaviour under 
cyclic loading and failure. On this base, the most important properties of ETFE-material for analysis will be derived. The 
respective tests are defined and new test results will be presented 
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1. The Stress-strain behaviour of ETFE films  
The stress-strain behavior of ETFE films can at least be divided into two areas:  
1. a linear elastic region and  
2. a plastic range.  
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The state-of-the-art design of structures made of ETFE films considers the elastic range of the working stresses, 
the plastic region is ignored. [2], [6]. 
 Thus, the yield point limits the maximum stress. The yield stress according to uniaxial tests is in the range of 
approx. 15 MPa to 17 MPa. These values are also commonly transferred to biaxial stress states without further 
discussion. The viscous contribution to the stress-strain behavior is not considered. It raises the question whether the 
yield point should principly be applied as the stress limit, or whether a more detailed investigation based on the 
theory of plasticity promises benefits. Therefore the elastic-plastic behaviour as it appears with the experiments 
executed, are presented and discussed firstly. From this discussion one may develop a strategy for the conceptual 
design, the manufacturing and the design of structures made of ETFE films.   
 At the beginning, the tests which have been executed to determine the behaviour of ETFE films are reported in a 
critical manner. Uniaxial tests, biaxial tests on cross specimens and multiaxial tests on circular specimens will be 
presented, and the results will be discussed. The authors consider that general conclusions for the use in practice can 
only be derived from accurately conducted and analyzed experiments.  
 In assessing the deformation behavior of ETFE films it can be assumed that the ETFE film present a semi-
crystalline material, as a mixture of crystalline and amorphous regions. The behaviour under mechanical stress will 
depend on whether uniaxial or biaxial stresses will be applied. By applying uniaxial loads to the material, first the 
chains in the amorphous regions will be aligned parallel to the load direction. In parallel, the crystalline regions will 
rotate into the load direction. Thus anisotropic properties will be created: In the stressed direction, the material is 
getting stiffer. 
2. The Behaviour of ETFE films in 
2.1. Uniaxial tensile test   
The simplest test of ETFE films is the uniaxial tensile test on narrow strips. Such tests are useful to determine the 
yield point. They give only very poor information on the behavior after yielding. This is getting evident from a 
microscopical view (Fig. 1) of the surface of a uniaxial tensile strip specimen: The damage structures are clearly 
shown perpendicular to the tensile test direction. This effect does not occur under biaxial stresses.   
Fig. 1. "Crazes" on the surface of an ETFE specimen after breaking: The test direction is perpendicular to the direction of crazes. (Recording: R. 
Blum, magnification 1000 times, illumination by polarized light, stacking up from 25 individual shots)
Due to these reasons and for the lack of space uniaxial tests will not be further reported in this paper. 
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2.2. Biaxial tensile tests: Square samples 
The biaxial tensile test on square samples is in its simplicity the closest sample to the uniaxial test to achieve 
similar procedures to those executed on fabric samples. The loads are not applied via shackles into the material (as it 
is state of the art for fabrics), but directly to the sides of the rectangular sample (Fig. 2). This prevents the material 
itself to start yielding in the shackle and thus the stress state  will be inhomogeneous in the cross sample. When 
analyzing the strain field a square sample, it can be seen that in the corners predominates a stiffer behavior due to a 
biaxial stress state, which is established in the center of the sample sides only belatedly. This may be seen clearly in 
Fig. 2.  The results show that a cross sample always has a tendency to deform into the shape of a circle.   
Fig. 2. Square sample under biaxial hydrostatic load. It can be recognized immediately the higher stiffness in the corners by the lower 
deformation in the direction of force introduction and the tendency of the sample to deform circular. This tendency increases with increasing 
loads.   
The result of a typical biaxial test is presented below.   
Fig. 3. Load regime of a biaxial ETFE test under hydrostatic stresses and under consecutive cyclic loading with increasing maximum load..   
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Fig. 4. The stress-strain curve result of the tensile test with the load regime of Fig. 3. A yield point can be determined only indirectly. This is 
indicated by the intersection of the orange line to the green line of the first load cycle. In the further cycles, a distinct viscous behaviour can be 
identified indirectly. This needs to be analyzed more in detail. 
It is very difficult to define the yield point in this diagram. The yielding doesn‘t join the linear region, since a 
non-linear range pushes in between. In order to determine the yield point exactly, the thickness of the material was 
measured. Together with the load history the result is shown in Fig. 5.   
Fig. 5. Here, one can clearly see that the thickness behaviour (black curve) changes substantially at the point where the orange line is inserted. 
The thickness changes at a time more or less excursive. It is not irrational to define the yield point here. In this test the yield point is about 15 - 16 
N/mm². It should be noted that the yield point essentially depends on the temperature and the expansion respectively the tension speed. Thus, the 
change in thickness shows the yield criterion more accurate than the pure stress-strain diagram. 
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As a result of these tests it can be stated:  
• The interpretation of the test results without concomitant thickness measurement is very difficult, if not 
impossible.  
• It is necessary to examine whether the strong viscous effects can be assigned to the material behaviour or whether 
they are an effect of the experimental design.  
• It must be further investigated whether the approximate equality of the gradients in the different load cycles may 
be deduced from the material behaviour.  
 In addition to the above shown test, a test was executed with a load regime in which the yield point was 
deliberately exceeded for the first maximum level. Afterwards, cycles were added with a maximum value below the 
level previously achieved. The results are shown in the following two diagrams. 
Fig. 6. Load regime of a square sample: Here the yield point was deliberately exceeded in the first cycle. After that cycles were added whose 
maximum value was below the maximum value of the first cycle. 
Fig. 7 shows the results of the experiment of the load regime of fig. 6. Here, the representation of the diagram 
after the second cycle was cut off. 
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Fig. 7. The stress-strain test results of the biaxial test with the load regime of Fig. 6. The yield point is difficult to see. The second cycles show 
very clearly the same behavior after the yield point as the first load cycle below the yield point. The responses to the load cycles are close 
together, the gradient is approximately the same.  
For a clarification change of thickness is again indicated in Fig.8 below: 
Fig. 8. Change of thickness. The yield criterion is clearly ascertained. For cycles with the maximum load below the load initially introduced, there 
is a behaviour that can be interpreted as linear elastic. It is comparable with the behaviour in the elastic range as shown in Fig. 4.  This 
interpretation is also supported by the behaviour of the thickness in the relevant section: The thickness changes no longer as in the region of the 
yield criterion, it shows an elastic behavior without yielding. 
Looking at the results of the biaxial tests on square samples conclusions may be drawn on the behaviour of ETFE 
films. It remains open , however, whether and to which extent these results are an effect of  the material behavior or 
of the test arrangement and in particular the sample shape. Therefore, the biaxial test rig of Labor Blum was 
modified in the manner that tests can be carried out on circular samples. In Fig. 9 this modification is shown. 
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Fig. 9. Biaxial test frame of DEKRA Laboratory for Technical Textiles and Films (former Labor Blum) with a modification for circular samples. 
2.3. Multiaxial tests on circular samples 
The tests on the cross samples were unsatisfactory as the homogeneity of the stress state could not be proven. 
Therefore, the load application to the sample was converted so that a circular sample could be clamped. Thus only 
the planar stress state of a stress ratio with equal stresses in all directions was reasonably set. 
Fig. 10. Photograph of the test on a circular sample. 
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The results are shown in the following diagrams 
Fig. 11. Load regime of a test on a circular sample. 
The applied load regime is shown in Fig. 11. First, the load is increased to a defined level. Cyclic loading which 
does not exceed the defined level follows this. The level will be increased gradually with 5 cycles each. This 
procedure is repeated until failure. The result is shown as a stress-strain diagram in Fig.12. 
Fig. 12. est result (stress-strain curve) on a circular sample using the load regime of fig. 11 
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The behaviour below the defined maximum stress may be classified almost without limitation as linear elastic; 
the elastic constants are not depending on a plastic behaviour after having exceeded the yield point. A green line 
indicates these elastic constants. The results show a behaviour which was already described above as a rough 
approximation. The viscous effects, which made the behavior unclear (in Fig. 4 and Fig. 7 above) almost 
completely, disappeared; the test runs much smoother.  
This permits the hypothesis that extreme viscous phenomena, which are found in experiments on square samples, 
are not related to the material behaviour. It might be the influence of the inhomogeneous stress distribution due to 
the sample shape. Furthermore, a necking behavior can be seen as it is known of plastic experiments: After the 
maximum load is exceeded, the stress-strain curve decreases which is visualized by the insertion of the orange line 
in Fig. 12. The effect of hardening obscures this phenomenon partly; nevertheless it can be detected here.   
Unfortunately, the thickness measurement failed in this test, but it may be reasonably ensured that the thickness 
measurement, which will soon be repeated, supports these results. 
3. Failure behaviour and structural design base 
With these experiments, one can indeed describe the behaviour of ETFE film reasonably. However, it cannot be 
drawn conclusions on the failure behavior because the failure in the samples described above always starts at the 
load application regions.  Here the bursting test may be used where an initially planar material is inflated by an inner 
pressure up to the fracture. In Fig. 13 such a bursting test is shown.   
Fig. 13. Test arrangement for the bursting test. The images are taken with a Video Camera with a sequence of 25 frames/second. The digital 
voltmeter is used to measure the internal pressure. Shown is the last image before fracture. As it can be seen quite clearly, the shape of the blown 
membrane is not a sphere but a rotational paraboloid. At the edge, the foil is clamped. Thus, the maximal stress occurs on the top of the deformed 
film and not in the clamping system. At the right hand side of the picture one may remark a scale to measure the height of the paraboloid. 
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In the following Fig. 14 the beginning of the fracture itself can be seen. At the top of the sample one remarks the 
blurredness of motion which is characteristic for the beginning of fracture.   
Fig. 14. First image after fracture. The air pressure was just going down which is not recognized yet by the digital voltmeter because of the inertia 
of the display. 
The numerical evaluation of the test will not be presented in here. What is of importance in this context is the 
residual thickness of the film at the place of fracture: a residual thickness of approximately 25% of the initial 
thickness of 200 µm was measured. Thus, the essential design value is not a breaking stress, but the thickness of the 
material that is achieved under a certain stress state. The measurement of the actual thickness and the calculation of 
this thickness under loading is the relevant design value for an ETFE structure. Since the residual thickness in the 
bursting test shown above was approximately 25% of the initial thickness this value may be taken into account for 
the design. It is to add that the appropriate plastic theory applied to ETFE film has already been formulated by the 
authors. Due to the lack of space, it will not be presented here.   
1. As a preliminary summary of the tests using circular specimens it can be stated: The yield point is not material 
variable; it depends as usual in hardening effects from the load sequence- With increasing hardening the yield point 
is increasing. Thus, the yield point should not be used for the design.   
2. At load states below the yield point one recognizes an almost linear-elastic behaviour analogue to the 
behaviour at the first loading. In this region one can calculate linear-elastically.   
3. With yielding an irreversible strain is occurring which shall be compensated in the cutting patterns.   
4. The procedure for the construction and design of a cushion might be the following: The pressure is increased 
over the pressure in use in the manner that yielding is occuring all over. The occuring irreversible strain will be 
compensated. Afterwards the deformation may be calculated with the use of a linear-elastic material law. Such an 
approach has been presented by Greiner [5] for the form finding of thin metal sheets. 
   
The single steps may be taken from the sketch below (Fig. 15).   
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Fig. 15 Schematic diagram of the behaviour of an ETFE film with plastic behaviour. In practice relevant and in the theory of computation 
required are the irreversible deformation İirr and the inclination  of both the linear branches as well as the hardening curve. These variables need 
to be measured without the sample shape playing the essential role. 
For the further advancement, the following steps are actually being executed at DEKRA Laboratory for Technical 
Textiles and Films – former Labor Blum:   
1. The circular sample is expensive to prepare and may only be used in very few test rigs. Thus different sample 
shapes are being developed and the results are being analyzed.  
2. The existing calculations tools are studied to figure out to which extend they allow an elastic-plastic calculation 
with hardening. 
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